Transfer-free synthesis of highly ordered Ge nanowire arrays on glass substrates Vertically aligned Ge nanowires (NWs) are directly synthesized on glass via vapor-liquid-solid (VLS) growth using chemical-vapor deposition. The use of the (111)-oriented Ge seed layer, formed by metal-induced crystallization at 325 C, dramatically improved the density, uniformity, and crystal quality of Ge NWs. In particular, the VLS growth at 400 C allowed us to simultaneously achieve the ordered morphology and high crystal quality of the Ge NW array. Transmission electron microscopy demonstrated that the resulting Ge NWs had no dislocations or stacking faults. Production of high-quality NW arrays on amorphous insulators will promote the widespread application of nanoscale devices. There is wide interest in the development of semiconductor nanowires (NWs) because of their potential in scaling electronic optical devices.
1-4 Ge NWs are particularly regarded as promising materials for a number of applications, including field-effect transistors, 5 photodetectors, 6 and lithium-ion batteries. 7 Vapor-liquid-solid (VLS) growth, i.e., chemical vapor deposition (CVD) seeded by metal nanoparticles, is the method most frequently used to synthesize Ge NW arrays. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] To achieve ordered Ge NW arrays using the VLS method, (111)-oriented Si or Ge substrates are often used because Ge NWs grow in the h111i direction when the diameter of the metal catalysts is larger than approximately 10 nm. 10, 11 NW arrays on amorphous insulators, such as SiO 2 or glass, have gained much attention for further expanding the application of nanoscale devices. [18] [19] [20] [21] Transferring aligned NWs to amorphous substrates is a promising technique; 20, 21 however, there are difficulties keeping the process costs low and fabricating large-area devices, such as displays or solar cells. The transfer-free synthesis of NW arrays on amorphous substrates has been investigated for over a decade. For oxidized materials, such as ZnO and TiO 2 , hydrothermal methods have allowed for the direct synthesis of vertically aligned NW arrays on amorphous substrates. 22, 23 On the other hand, single-element nanowires, including Ge, have never been ordered on amorphous substrates because the growth occurred in random directions. 24, 25 To control the growth direction of Ge NWs on amorphous substrates, here we propose a way using an orientation-controlled seed layer formed by metal-induced crystallization. [26] [27] [28] [29] [30] The highly ordered Ge NW array is directly synthesized on a glass substrate, which will lead to advanced electronic and optical devices with low-cost substrates.
Figure 1(a) schematically shows the preparation process of the sample. Al-induced crystallization (AIC) was used to form a (111)-oriented Ge seed layer. An Al layer (thickness: 50 nm) was prepared and then exposed to air for 10 min to form a native AlO x membrane, followed by preparing an amorphous Ge layer (thickness: 50 nm). The depositions were carried out using a radio frequency magnetron sputtering with Ar plasma. After that, the sample was annealed at 325 C for 100 h in N 2 , which crystallized Ge via exchange between Ge and Al layers. 28, 29 The Al layer and the Ge islands, remaining in the top layer, were removed using HF (HF: 1.5%) and H 2 O 2 (HF: 50%) solutions. 30 This resulted indicates that the Ge layer is highly (111)-oriented. After preparing the (111)-oriented Ge seed layer, VLS growth was performed as follows. Au nanocolloid particles (diameter: 40 nm) were prepared on the surface by dipping the sample in a colloidal solution. After that, CVD using 10 sccm GeH 4 (100%) was performed at 320-440 C for 10 min. For comparison, the VLS growth was also performed using a bare glass substrate.
The VLS growth morphology was evaluated by SEM. Figure 2 shows the results of the samples grown at 320 C, 360 C, 400 C, and 440 C. The 320 C grown sample without a seed layer was charged up by the electrons on the insulating substrate during SEM observation, because the sample has few NWs, as seen in the photograph of Fig. 2(a) . Figures 2(b)-2(d) show that the growth temperatures over 360 C allow Ge NWs to be formed on a glass substrate. However, the Ge NW arrays are low-density and disordered. This may have occurred because the substrate is amorphous and because it is difficult for Ge atoms to adhere to SiO 2 during CVD. 25, 31 Figures 2(e)-2(h) show that the use of the AIC-Ge seed layer significantly improves the VLS growth morphology. In particular, when the growth temperatures are over 400 C, high-density, vertically aligned Ge NW arrays are formed. These results suggest that the Ge NWs were seeded by the (111)-oriented Ge layer and grew in the [111] direction. Thus, the AIC-Ge seed layer has two roles: enhancing the nucleation frequency and controlling the growth direction of Ge NWs. Note that a temperature of 440 C is too high because it causes the branching of NWs as shown in Fig. 2(h) .
The crystal quality of Ge NWs was evaluated by microprobe Raman scattering spectroscopy (spot size: 1 lm, wavelength: 532 nm). Figure 3(a) shows that all samples with a Ge seed layer have peaks at approximately 300 cm
À1
, corresponding to the Ge-Ge vibration mode. 17 According to our previous study, the Ge-Ge peaks of 50-nm-thick AIC-Ge layers are relatively broad and present at approximately 292 cm À1 likely because of the residual Al atoms in Ge. 29 The Ge-Ge peaks in Fig. 3(a) , therefore, are considered to be attributed to Ge NWs. Figure 3 (b) shows that the peak positions of the Ge-Ge peaks remain unchanged regardless of different growth temperatures and are the same as that of a bulk Ge substrate. On the other hand, the full width of half maximums (FWHMs) of the Ge-Ge peaks decrease with increasing the growth temperature and approach that of a bulk-Ge substrate at temperatures over 400 C. Considering the SEM and Raman studies, 400 C is almost the optimum growth temperature for simultaneously achieving the ordered morphology and high crystal quality of Ge NWs.
We investigated the effect of the Ge seed layer on the crystal quality of Ge NWs. Figure 3(c) shows that the Ge-Ge peak of the sample with the Ge seed layer has a larger intensity and a smaller FWHM compared to that of the sample without the Ge seed layer. This result indicates that the use of the Ge seed layer improves not only the density but also the crystal quality of Ge NWs. Note that the peak intensity of the sample with the Ge seed layer is even larger than that of a bulk-Ge substrate, which is attributed to the antireflection effect of the NW structure, as shown in the inset of Fig. 3(c) . The antireflection effect is an advantage of the NW structure for fabricating high-efficiency optical devices.
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To evaluate the detailed crystal structure of Ge NWs grown on a Ge seed layer at 400 C, we used the analytical transmission electron microscopy (TEM), FEI Tecnai Osiris operated at 200 kV, equipped with an energy dispersive Xray spectrometer (EDX) and a scanning transmission electron microscopy (STEM) system with a probe diameter of $1 nm. The representative results among several NWs are shown in Figs. 4 and 5. Figures 4(a)-4(c) indicate that the Ge NW, 3.2 lm in length, is tapered. The Ge NWs had the dispersion of their head diameters, 30-60 nm, likely attributed to the diameter dispersion of the initial Au particles. The bottom diameters of the Ge NWs were approximately 100 nm larger than their head diameters. Because the nanowire tapering is caused by vapor-solid growth on the sidewall surfaces of NWs, it can be avoided in needed by controlling the CVD growth step. 11, 17 The selected-area electron diffraction (SAED) pattern shown in Fig. 4(d) proves that the Ge NW is [111]-oriented in the growth direction. Figure 5 (a) obtained by STEM-EDX analysis shows that a round-shape Au particle is present on a Ge NW head, which is evidence of VLS growth. The Ge surface is covered by natively oxidized Ge (GeO x ) membranes. Figure 5(b) indicates that the NW head is pure Au while the NW bottom is pure Ge. The metal contaminations in the Ge NWs, possibly coming from catalytic Au particles or residual Al in the seed layer, were below the EDX detection limit ($1%). In conclusion, we fabricated a vertically aligned, defectfree Ge NW array on a glass substrate using a transfer-free process. To control the growth direction of Ge NWs during VLS growth, a (111)-oriented Ge seed layer (thickness: 50 nm) was prepared using AIC at 325 C. The use of the seed layer dramatically improved both the growth morphology and the crystal quality of Ge NWs, which was particularly prominent in the VLS growth at 400 C. TEM observation demonstrated that the resulting Ge NWs were single crystalline and even free from obvious defects such as dislocations or stacking faults. This achievement holds promise for promoting the widespread application of NWbased electronic and optical devices. 
